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Degradation products are distinct chemical signature for the detection of chemical warfare 
agents and forensic attribution in cases where the parent compound no longer exists. Being 
the common degradant to nerve agents, methylphosphonic acid serves as an explicit 
biomarker for the use of nerve agents. However, this non-volatile compound requires 
derivatisation prior to its detection, which incurs time-limiting factor and error. Therefore, 
development for a novel rapid and simple approach for identifying these degradants is of 
high importance to shed light on the use of chemical warfare agents and remediation of 
impacts. With the success of a recent pilot study for derivatisation of methylphosphonic acid 
without elimination of water, a subsequent quantitative study can be proceeded to assess 





The presence of the hydrolysis products (degradants) of chemical warfare agents (CWA) is a 
potential evidence for the possession and/or involvement with CWA.1-3 This is in relation to 
the Chemical Weapons Convention (CWC), which was signed by 130 countries for the 
prohibition of the development, production, stockpiling and use of CWA, and their 
destruction.4 CWC entered the force officially on 29th April 1997, forming the Organisation 
for the Prohibition of Chemical Weapons (OCPW).5 To uphold and enforce the requirements 
of CWC, OCPW carries out verification activities on a regular basis, to conduct and challenge 
former CWA facilities of the member states for any presence of CWA precursors and 
degradants.4-7 Despite this, the use of CWA remains a problem, with many different forms of 
CWA being developed and utilised heavily in many conflicts, terrorist attacks and wars 
around the world even till this day.8 
Organophosphorus nerve agents such as sarin, soman, cyclosarin, VX and VR hydrolyses in 
aqueous environment to form various forms of alkylphosphonic acids, and finally into 
methylphosphonic acid (MPA).9-11 Besides being the final degradant product to 
organophosphorus nerve agents, MPA is in its most stable form and chemically resistant to 
any further degradation.3,9,10,12,13 These degradant compounds do not exist in nature even 
though MPA was suggested to be a degradant product of some fire-retardants, however, no 
publications has been able to prove the latter.14 Gas chromatography (GC) is the most 
widely used and approved technique for the unambiguous detection of MPA.8,15,16 However, 
MPA possesses high polarity with poor volatility, therefore derivatisation must be 
performed on this compound prior to gas chromatographic analysis.9,17 Derivatisation of 
target analytes requires the elimination of water content; concentration of aqueous extract 
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to dryness.9,18 This step is reported by many analysts and authors to be time-consuming, as 
well as its potential for errors.3,9,18,19 
There are limited literature resources that report and suggest for an alternative method for 
the removal of water. Earlier this year (2018), a time-efficient protocol for the qualitative 
detection of MPA without the removal of water by gas chromatography combined with 
mass spectrometry (GC-MS) was finally developed and proven to be successful by Dival.20 In 
this study, N-methyl-N-tert-butyldimethylsilyltrifluoroacetamide (MTBSTFA) was used for 
the derivatisation of MPA, with an addition of organic layer of hexane.20 The presented 
approach was successful in producing GC-amenable derivatives of MPA, with the detection 
limit (LOD) to be 1000 ppm.20 Despite the success of his approach, no quantitative 
assessment was performed by Dival to evaluate the efficiency of his methodology. The 
presented study by Dival can be progressed by providing a quantitative study to further 
assess the derivatisation efficiency and practicality of the pilot study. This literature review 
aims to review and discuss the current applications and protocols in CWA analysis, with the 
goal of developing a reliable and reproducible approach to quantitate the efficiency of two-





2. OVERVIEW OF CHEMICAL WARFARE 
AGENTS 
 
The history of chemical weapons has its roots in the first World War where the German 
forces utilised poisonous chlorine gases on a large scale against the French army in 1915.21 
The devastation of CWA in World War I resulted in about 90,000 deaths and 1.3 million non-
fatalities.22 Since then, CWAs have been utilised in many armed conflicts and terrorism. 
CWAs are undoubtedly one of the most feared invention owing to their fatal ability to cause 
death, temporary incapacitation or any permanent harm and injury to humans or animals.23 
There are many different types and classes of CWAs, with the most lethal group suggested 
to be nerve agents, with the rest being the blistering agents (also known as the vesicants), 
blood agents and the incapacitating agents (Table 1).8,16 All CWAs are distinct in their 













































































































Organophosphorus nerve agents exert their extreme toxicity by anticholinesterase action, 
targeting the nervous system of the victims, often leading to seizures, respiratory arrests 
and deaths.13,26 These nerve agents can be further divided into two categories; G-series and 
V-series. Both series do not exist naturally and are also commonly known as 
organophosphorus nerve agents due to their phosphorous-core structure.22,27 Nerve agents 
of G-series comprises of tabun, sarin, soman, and cyclosarin. Among all nerve agents, the V-
series are found to be more dangerous than G-series due to their lower volatility and 
persistence in the environment, which could be explained by the presence of a strong P – S 
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bond.22,28 Furthermore, V-series has an estimated human LD50 of 10 mg on skin of a 70 kg 
human.17,27  
Blistering agents comprises of sulphur mustards, nitrogen mustards and lewisites.8,22 These 
blistering agents are known to inflict chemical burns onto skins; tissue blistering.22 These 
cytotoxic alkylating chemical weapons were developed to induce immediate casualties, 
reducing soldiers’ fighting efficiency and morale.22 The third category of CWA belongs to the 
incapacitating agent 3-quinuclidinyl benzilate which targets the central nervous systems to 
induce hallucinations, disorientation, coma or even medullary paralysis.8,22 Incapacitating 
agents are also known as the psychotomimetic agents. The blood agents exert their toxicity 
on a cellular level, interfering with the activity of oxygen transport mechanism within the 
victims’ body, ultimately leading to death by respiratory failure. Toxic compounds that come 
under this category are either arsenic- or cyanide based; hydrogen cyanide, cyanogen 
chloride and arsine.22,29 Besides being used in World War I and II, hydrogen cyanide was 
suggested to be used during the Iran – Iraq war, and the attack in Tokyo in 1995.30 Other 
classes of CWAs such as the choking agents, toxins and bioregulators, and many others exist 





3. ORGANOPHOSPHORUS NERVE 
AGENTS AND THEIR DEGRADANTS 
 
Organophosphorus nerve agents are known to be the most lethal and toxic compounds 
among all CWA.31 The first reported use of tabun and sarin was during the first Gulf War 
among the Iraq and Iran forces, and the Kurdish rebels.22 Impure Sarin was used by 
terrorists during a Japan subway attack in 1995, taking away 12 lives with 5000 
casualties.16,22 Sarin was used again a year ago in 2017, killing at least 80 civilians in the 
northern Syria.32,33 The latest use of a nerve agent happened earlier this year on 4th March 
2018, injuring a former Russian double agent and his daughter, and a policeman in UK.34 
Nerve agents remain a high priority concern due to their trend of use on civilian targets.35  
Organophosphorus nerve agents are anticholinesterase compounds. Upon inhalation or 
dermal absorption, these compounds irreversibly inhibit acetylcholinesterase (AChE) via the 
formation of covalent P – O bond at the serine hydroxyl group in the enzyme active site. This 
leads to the build-up of neurotransmitter acetylcholine (Ach) at nerve synapses, resulting in 
the disruption of nervous and respiratory systems.8,26 These chain of events is extremely 
fatal to any living organisms and kills within several minutes.8 Nerve agents of G-series 
exhibit a common mechanism of toxicity following a hydrolysis metabolic pathway, whereas 
the V-series have a lower affinity for AChE and are less prone to hydrolysis.22 
3.1 Degradation Pathways 
CWA degradants often serve as biological and environment markers of the use or 
production of CWA.2 CWA are known to decompose (hydrolyse) relatively well in humid air 
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or in the presence of water, which may lead to the absence of the parent compound.12,35 
Therefore, verification of CWA for the CWC will be dependent on the qualitative detection 
for the presence of their corresponding degradants.2 Organophosphorus nerve agents are 
moderately volatile substances that could be analysed by any gas chromatographic 
methods.8,9 Upon degradation in aqueous environment, these agents form their 
corresponding alkyl phosphonic acids degradants, and finally into MPA; the common 
degradant to organophosphorus nerve agents (Figure 1).8,9,36  
Figure 1: Hydrolytic pathways of various CWAs (sarin, soman, cyclosarin, VX and Russian VX) into 
their various alkyl methylphosphonic acids, and subsequently into their final degradation product- 





Sarin hydrolyses (hydrolysis of P – F bond) in aqueous environment to produce non-toxic 
degradants isopropyl methylphosphonic acid (IMPA) and hydrofluoric acid.37,38 Rate of 
hydrolysis is largely dependent on several factors such as temperature, pH and water 
quality, and the half-lives of IMPA estimated to range between eight to 13 days.39 Hydrolysis 
of sarin to IMPA could be expedited under basic pH conditions, possesses half-life of 30 
seconds at pH 11 and 25°C.40 Similarly with the hydrolysis of P – F bond, soman hydrolyses 
in aqueous environment under acidic and basic pH conditions to produce pinacolyl 
methylphosphonic acid (PMPA) and fluoride.41,42 However, hydrolysis of soman occurs at a 
slower rate as compared to sarin, taking as much as 60 hours at pH 6 and 25°C for the 
formation of PMPA.41,42 Both degradant products of sarin and soman; IMPA and PMPA 
respectively, degrade at a much slower rate into MPA.38 Tabun (GA) undergoes a different 
degradation pathway as compared to sarin and soman (Figure 2). Under acidic pH conditions 
below pH 5, tabun hydrolyses to produce O-ethylphosphorylcyanidate and dimethylamine. 
Under basic pH conditions, tabun hydrolyses to produce O-ethyl N,N-
dimethylamidophosphoric acid, dimethylphosphoramidate, phosphoric acid and cyanide. 
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Figure 2: Hydrolytic pathway of tabun (GA) into its degradant products under acidic or basic pH 
conditions. 
 
VX hydrolyses at a relatively slow rate under aqueous environment, and speeds up 
proportionally to the increase in pH conditions.43 Unlike the rest of the nerve agents, 
hydrolysis of VX can occur at either the P – O or P – S bond.28,43 Under neutral or alkaline 
conditions between pH 7 to 10, VX hydrolyses to produce S-(2-diisopropylaminoethyl), 
methylphosphonothioic acid and ethanol. Under pH <6 or pH >10, VX will hydrolyse into 
diisopropyletylmercaptoamine (DESH) and ethyl methylphosphonic acid (EMPA) instead.10 
Being an unstable hydrolysis product, DESH will either oxidise into 
bis(diisopropylaminoethyl)disulfide (DES)2 or react with diisopropylethyleneimmonium ion 
[(CH2)2N+(C3H7)2] to form bis(diisopropylaminoethyl) sulphide.10 As shown in Figure 1, EMPA 
also hydrolyses into MPA at a slow rate. VR is less prone to hydrolysis as compared to VX, 
with half-life of 12.4 days in water.44 With the cleavage of P – S bond, VR hydrolyses to 
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produce diethylaminoethanethiol and isobutyl methylphosphonic acid (iBuMPA) which goes 
on to hydrolyse into MPA.22,45 However, there is no current knowledge on the conditions for 






4. SAMPLE PREPARATION 
 
Sample preparation is critical for extraction of analytes from any target sample matrices and 
for the subsequent analytical testing. Reliable and efficient extractions are highly 
recommended for the success of any qualitative and quantitative analysis.4,15 Over the 
years, comprehensive sample preparation procedures have been developed and approved 
for the off-site laboratories of CWC.5,46 The Recommended Operating Procedures (ROPs) 
developed for such purpose comprises comprehensive sample preparation methodologies 
for solid, aqueous liquid, soil and many other types of samples.5,46  
The ease of subsequent analytical testing is highly dependent on the amount, as well as the 
quality of sample preparation needed to obtain a suitable extract.5 Furthermore, 
distribution of analytes in their broad repertoire of matrices may be of trace levels, 
therefore it is essential to bring them to limits of detection and rid of any interfering 
substances.4 It is crucial to adopt simple extraction methodologies that could allow large 
scale extraction of target analytes within one single extraction.47 Sample preparation 
requires a comprehensive understanding of the various chemical and physical properties of 
target analytes in their sample matrices and the subsequent choice of instrumental 
analysis.47 CWA or their degradant products do not exist naturally and may be found in 
matrices such as soil, aqueous liquid or even solid samples.5,46 Therefore, it is important to 
extract them for subsequent analytical testing. Several new techniques such as liquid 
microextraction, solid-phase extraction (SPE), solid-phase microextraction (SPME), on-
matrix derivatisation extraction (OMDEX) and microemulsion mediated in-situ derivatisation 
and extraction (INDEX) for the extraction of CWA related compounds from complex sample 
matrices have been presented in many literature resources. 
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4.1 Soil Samples 
Soil samples are highly regarded due to the abundance of soil in many post chemical 
warfare attacks.5 Recovery of nerve and blistering agents in soil samples are commonly 
extracted with an organic solvent. Dichloromethane is reported in many studies to be the 
most common solvent for the extraction of non-polar and semi-polar organic analytes from 
soil, aqueous liquid and solid samples.4 However, water-soluble and non-volatile 
compounds are found to be left behind after organic extraction. 5 These substances are 
capable of hydrolysis at a readily fast rate in the environment, therefore, extraction with 
water is incorporated to aid in the recovery.5 Centrifugation, filtration, and drying of 
samples are common steps performed upon addition of the desired organic solvent.5,46 
Repetition of these steps are recommended, if necessary, to ensure better recovery of 
analytes.46 Degradants of organophosphorus nerve agents in soil samples of µg/g 
concentration are recommended to be extracted with water using sonication, followed by 
centrifugation.48,49  It is important to note that metal ions such as Na+, K+, Mg2+ and Ca2+ are 
present in environmental samples, especially in soils. Divalent organophosphorus acids can 
react with these ions to form insoluble salts. Contamination of chromatographic 
instruments can occur, especially with divalent compounds such as MPA.5 Also, the 
presence of Mg2+ and Ca2+ in soils are reported to inhibit subsequent derivatisation process 
prior to chromatographic separation.1,4,5 For such cases, strong cation-exchange resin 
cartridges are recommended.4,50 D’Agostino et al. reported success with the use of 
chloroform for the organic extraction of CWA analytes from soil sample involved in the Iran-




4.2 Aqueous Liquid Samples 
Similar to the sample preparation for soil samples, recovery of CWA related analytes in 
aqueous liquid samples involves the use of an organic solvent such as dichloromethane or 
ethyl acetate.5 Samples are required to be neutralised in terms of their pH, with either 
ammonium hydroxide or hydrochloric acid.5 Following which, each neutralised sample is 
subjected to liquid-liquid extraction with two portions of water-immiscible organic solvent 
(ratio of 1:2 solvent to sample).4,5 This allows the separation of any non- or semi- polar 
analytes in the organic extract, with the polar analytes separated into the aqueous extract. 
Extraction of analytes from aqueous liquid samples often requires evaporation to dryness 
which should be avoided due to the tendency of residues getting absorbed to glass 
surfaces.4,5 Same procedure can be repeated separately, with an additional derivatising step 
for the detection of alkaline CWA related compounds.5 Other alternatives involve the use of 
ExtrelutR extraction cartridges, C18 SPE cartridges, conditioned SCX cation-exchange 
cartridges.4,5,15,22 Liquid-liquid extraction was mentioned to be the preferred conventional 
method, especially for analysis of complex organic extracts.4,15 Liquid-liquid extractions 
allows the elimination of hydrocarbons and selective extraction of semi-polar analytes.4 
Extraction with methanol and water are recommended for the extraction of polar organic 
analytes. Liu et al. suggested the use of membrane filtration for studying water samples 
CWA degradants of µg/cm3.1 Extraction of polar CWA related compounds such as 
alkylphosphonic acids and  MPA are commonly performed with water, methanol, acidified 
or alkaline methanol.4 A solvent-extraction method for targeted organophosphorus CWA 
compounds from painted wallboard was presented by Wahl et al.52 With dichloromethane 
and acetone (ratio of 1:1), surrogate organophosphorus compounds for sarin were 
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successfully extracted; extraction efficiency of 60%.52 SPME is an excellent technique for 
extraction of CWA compounds, especially for large scale extractions.18,53 This technique is 
greatly recommended for aqueous and soil samples. One of the advantages offered by 
SPME is its ability to incorporate derivatisation with sample extraction, and eliminates the 
need for the removal of water (to be explained in later section).4,15 A SPE method using 
polymeric mixed-mode strong anion-exchange (Oasis MAX) cartridges was developed by 
Kanaujia et al.54 The presence of carbonyl and tertiary amine groups in polymeric backbone 
of Oasis MAX cartridges are capable of eliciting secondary interactions with acidic analytes, 
which aided extraction of analytes.54 This method was developed initially for extraction of 
acidic CWA degradants in water but was proven to be successful in detecting 
alkylphosphonic acids in soil sample too.54  
4.3 Solid and other Samples 
Solid samples such as active charcoal, concrete, paint, rubbers and wipes are covered under 
the ROPs for CWA related compounds.5,46 Depending on the analytical purposes, extraction 
methods for active charcoal requires solvents such as acetone, carbon disulphide, 
dichloromethane or chloroform.5 For wipe samples, acetone, ethyl acetate, 
dichloromethane and chloroform can be used.5,35 Concrete, paint and rubber samples are 
required to be broken down into small fragments for extraction, with either acetone or 
dichloromethane as the extraction solvent.5 All solid samples are required to be completely 
submerged into the solvent. Similar to all solid samples, the organic phase will then be 







Derivatisation is a procedural technique used to modify the functional group of polar 
analytes, producing derivatives amenable for chromatographic separations. 8,9,55 
Compounds with active hydrogen functional groups (-COOH, -NH, -OH and -SH) have the 
tendency of forming intermolecular hydrogen bonds that affect their volatility; interaction 
with column packing and thermal stability.55  
The primary objectives of derivatisation are aimed at 55:  
• Increasing resolution, with the reduced tailing of polar compounds containing active 
hydrogen functional groups (-COOH, -NH, -OH and -SH). 
• Allowing analysis of non-volatile compounds 
• Reducing of compounds’ volatility, and/or stability prior to gas chromatography 
• Enhancing analytical efficiency and detectability 
5.1 Derivatisation of Chemical Warfare Agents and their Degradants 
Many CWAs exhibit moderate reactive electrophilic properties while some CWA related 
compounds such as phosgene, and toxic chemicals like perfluoroisobutylene, are listed in 
the Annex on Chemicals of the CWC to be reactive electrophilic gases under normal ambient 
temperatures.5,9,56 Both phosgene and perfluoroisobutylene are labile electrophiles capable 
of reacting with nucleophiles rapidly. Reactive electrophilic properties of these compounds 
result in undesirable reaction with column coatings or any free nucleophilic sites in 
analytical instruments; inhibiting chromatographic analysis.9 Under ambient or sub-ambient 
temperatures, perfluoroisobutylene will react with nucleophiles. It was noted that 
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underivatized phosgene can be analysed by gas chromatography, but with poor response 
factor due to interference.9  
Many CWA degradants are very polar compounds with insufficient volatility and thermal 
instability, are chromatographic properties that contributes to peak tailing and poor 
detection limits.9,18,55,57-59 As described by Black and Muir, derivatisation can be used to 
improve selectivity and sensitivity of detection.9 Lewisite can be derivatised with thiol 
reagents to allow sulphur selective flame photometric detection.17 Perfluorinated 
derivatives produced from the conversion of phosphonic acids and thiodiglycol allows 
detection by negative ion chemical ionisation-mass spectrometry (NICI-MS).17 
5.2 Types of Derivatisation Reactions 
Suitability, efficiency and detectability are three key factors to a successful derivatisation 
prior to chromatographic analysis.55 During the derivatisation process, the derivatising 
reagent replaces the active hydrogen with the functional group of the derivatisation reagent 
used, rendering highly polar compounds sufficiently volatile for gas chromatographic 
analysis.9,20,55 (Figure 3) The three common types of derivatisation reactions are alkylation, 
acylation and silylation.60 (Table 2) 
 
Figure 3: Chemical equation for general derivatisation reactions where ‘A’ denotes nitrogen, 







Three different types of derivatisation reactions with their corresponding derivatising 
reagents.55 
Alkylationa Silylationb Acylationc 



















Boron trifluoride (BF3) 






































aIn an alkylation reaction, the active hydrogen is replaced with an aliphatic or aliphatic-
aromatic group.  
bIn a silylation reaction, the active hydrogen is replaced with a silyl group. 
cIn an acylation reaction, the active hydrogen is replaced with an acyl group. 
 
The choice of derivatisation reagent is dependent on many factors. In a comprehensive 
review written by Orata, the criteria for choosing a suitable derivatisation reagent are as 
follows55: 
• The reagent should produce more than 95% complete derivatives. 
• It should not lead to any rearrangements or structural modification of compounds 
during the formation of the derivative. 
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• It should not contribute to loss of the compound of interest during derivatisation. 
• It should not produce any unstable derivatives and/or derivatives that will interact 
with the chromatographic columns. 
5.2.1 Common Derivatising Techniques in CWA Studies 
The most commonly used derivatising reagents for OPCW verification analysis are 
diazomethane, BSTFA and MTBSTFA.5,9,11,61 Diazomethane has several advantages over 
many derivatisation reagents. Despite its inability to methylate thiodiglycol, derivatisation 
with diazomethane is considered by many authors to be the most efficient approach due to 
its ability to produce methyl ester rapidly.5,55 Also, the yield of methyl derivatives is reported 
to be relatively high, with minimal side reactions.9,58 Some of the characteristics of methyl 
derivatives are attributed to their short lifetime, insensitivity to trace amount of moisture 
and weak signal of molecular ions upon electron ionisation.62 Fragments formed from 
electron ionisation are found to complicate trace analysis in selected ion monitoring (SIM) 
mode.62 In a study conducted by Enqvist and Rautio, diazomethane was used to derivatise 
alkylphosphonic acids with methanol for the formation of methyl esters. Derivatisation was 
achieved in 15 minutes, with yields >99%.58  Diazomethane is also known for its selective 
reactivity with acidic analytes, and high volatility to facilitate easy removal of excess 
reagent.17,56 Identification as a methyl ester is especially convenient for laboratories with no 
access to a liquid chromatography combined with mass spectrometry (LC-MS).5,55  
Despite the advantages offered by diazomethane, many laboratories prefer silylation with 
BSTFA and MTBSTFA. According to the ROPs, TMS derivatives were typically used for on-site 
analysis associated with inspections while t-butyldimethylsilyl (TBDMS) derivatives for off-
site analysis. 5,46 Silylation involves the substitution of active hydrogen with a trimethylsilyl 
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(TMS) group, resulting in reduced polarity of the target compound and hydrogen 
bonding.55,63 Derivatives produced by these BSTFA and MTBSTFA are reported to possess 
outstanding thermal stability.9,55 Furthermore, the presence of trifluoroacetyl group in 
BSTFA and MTBSTFA allows quick and easy separation with low detector noise.55 The 
recommended optimal conditions for derivatisation with MTBSTFA is at 60°C for an hour.55 
Silylation can be enhanced with an addition of a catalyst. For example, BSTFA is may be used 
with either 1 or 10% TMCS catalyst for better results.5,55 BSTFA can also be used with 1% 
trimethylsilyl chloride (TMSCI), with recommended conditions at 60°C for 30 minutes.5 
However, Creasy et al. was able to achieve 80-100% derivatisation efficiencies with the use 
of BSTFA with 1% TMSCI in hexane at 60°C for 15 minutes.9,64 Many literature resources 
supported the addition of derivatisation reagent with TBDMS group over TMS.13,18,55,65,66  
One disadvantage of TMS derivatives is their tendency to hydrolyse easily by traces of 
water.5,67 TBDMS derivatives are reported to provide better hydrolytic stability as compared 
to derivatives produced by TMS reagents, with longer stability.9,55 TBDMS derivatives are 
thermally stable esters less sensitive to moisture traces as compared to TMS esters.11 It was 
even suggested by Orata that TBDMS derivatives can have 10,000 times the stability of TMS 
derivatives.55 Furthermore, TBDMS derivatives are also reported to produce better mass 
spectral properties (intensity of high mass ions; [M-57]+ ion) as compared to TMS 
derivatives.9 However, it was suggested that the EI spectral of methyl alkylphosphonates 
produce more distinctive organophosphorus-containing fragments as compared to silylated 
alkylphosphonates.5 One notable advantage of TMS derivatives over TBDMS derivatives is 
the derivatisation of thiodiglycol sulphoxide; a degradant of mustard agent. 
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Figure 4: Reaction scheme of the methyl, trimethylsilyl, tert-butyldimethylsilyl, and 
pentafluorobenzyl derivatives of MPA. Adapted and modified from Koryagina et al.11 
 
Derivatisation can enhance sensitivity of detection in subsequent analytical testing. For 
example, pentafluorobenzyl derivatives have been reported to be suitable for cases that 
requires low level of detection of CWA related analytes.5,9,68 Derivatising reagents with 
fluorine (perfluorobenzylation, trifluoroacetylation and heptafluorobutylation) are known to 
enhance sensitivity.5 Derivatised phosphonic acids with pentafluorobenzyl bromide (PFBBr) 
offers trace level detection as low as 1 ng/mL. Furthermore, these derivatives contribute to 
sharp symmetrical peaks and longer retention times in GC, as compared to methyl 
derivatives. Pentafluorobenzyl are well-suited for NICI-MS, and have reported lowest LOD.68 
However, derivatisation with PRBBr is a relatively slow and complicated process.9,68 
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t-Butyldimethylsilyl cyanide (TBDMSCN) was suggested by Black and Buir to be a possible 
alternative derivatising reagent for TBDMS derivatives.9 However, TBDMSCN was only used 
in two studies, for the cyanosilylation of ketones and aldehyde. The use of TBDMSCN was 
suggested by Fetterly and Verkade to be useful because of the easy removal of TMS group.69 
In another study, Wang et al. used TBDMSCN with tin ion-exchanged montmorillonite (Sn-
Mont) as the catalyst for the cyanosilylation of ketones and achieved >98% yield of 
cyanohydrin TBDMS ethers.70 There are no literature resources describing the use of 
TBDMSCN in CWA studies. 
5.3 Disadvantages of Derivatisation 
Even though the enhancement of analyte’s reactivity, stability, volatility and detectability 
allow ideal conditions for analytical separation, there are several disadvantages attributed 
to derivatisation. Being the most common and recommended derivatising agents for OPCW 
verifications, diazomethane, BSTFA and MTBSTFA are found to pose several problems. 
Diazomethane are known for its toxicity, as well as its capacity for detonation.5,9,55 Methyl 
esters produced by diazomethane are reported to produce poor chromatographic 
properties, and peak shapes.17,55 One notable disadvantage is attributed to the ambiguity of 
methyl ester identification.55 Methyl esters are undesirable for trace analysis due to the 
highest mass ions falling below m/z of 200 (e.g. MPA has a m/z of 95).9,55 With regards to 
the use of BSTFA or MTBSTFA, silylation of MPA has been reported to a huge issue for soil 
analysis, even to the extent of failing OPCW tests for MPA due to its extreme sensitivity 
towards calcium and magnesium ions.9 In studies conducted by Kataoka et al., they 
performed extraction on derivatised alkylphosphonic acids and methylphosphonic acid from 
soil, seawater and beverage samples and achieved low extraction and derivatisation 
31 
 
recoveries. They concluded that the yield for TBDMS derivatives, especially MPA, was 
significantly affected by the presence of calcium and magnesium ions in their samples.71-73 
Derivatisation has been reported in many literature resources to be a significant source of 
error.9,15 Derivatisation of target compound requires the elimination of water; 
concentration of aqueous target analytes to dryness.9,15,18 This process is described by many 
authors to be highly time-consuming, inconvenient and a leading source of error.9,15,18 
Furthermore, remaining traces of water are also reported to react with both the derivatising 
reagent and derivative, with occurrence of losses on evaporation.9 Foreign substances 
extracted from sample matrices are capable of inhibiting or interfering derivatisation, 
requiring suitable sample extraction and clean-up procedures.9 
5.4 Current Trends in Derivatisation 
In a review written by Wells, it was outlined that the most prevalent method of 
derivatisation is through trimethylsilylation.74 In his review, he went further to explain about 
the other methods and advances in derivatisation. The use of fluorinated acyl derivatives, 
on-column methylation, hollow fiber liquid phase microextraction (HF-LPME), and SPME 
were reported to be increasingly popular choices of derivatisation.9,74 There are a number of 
ways to introduce an acyl group to produce fluorinated derivatives, as illustrated in Table 2 
above. Fluorinated acyl derivatives allow sensitive detection by electron-capture detection 
(ECD) and NICI-MS.74 One common problem associated with derivatisation was the need to 
use large quantities of derivatising reagents to drive reactions to complete.9,74 Excess 
reagents lead to inherent background and column of the chromatographic instruments.9 
Fluoracylimidazoles, fluorinated anhydrides and MBTFA derivatising reagents are found to 
be able to overcome such problems.75 The use of solid support for derivatisation to hold 
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analytes, reagents and catalyst is one unconventional application many chemical warfare 
researchers are looking into.76 With supported reagents, the problem of excessive reagent 
can be overcome easily.76 In SPME, analytes are supported by the solid phase, and can be 
coupled with in-situ derivatisation. Examples of such techniques will be explored in the later 
section. Strategies of supported analyte derivatisation such as the use of ion-exchange resin 
prior to the pentafluorobenzylation of acidic analytes in-situ, and 9-fluorenylmethyl 
chloroformate for the adsorption of derivatised amino acids and peptides derivatives onto 
silica are concepts many biomedical researches are looking into.77,78  
 
5.4.1 Derivatisation Without Removal of Water 
One common goal for the development of new derivatisation procedures is aimed at 
overcoming the requirement for the removal of water, which is often characterised as time 
and labour consuming, and source of error. 9,15 Solid-phase microextraction (SPME) has the 
capacity to overcome such difficulties of derivatisation.9,10,18 This sample preparation 
technique was originally used in gas chromatographic purposes for the determination of 
volatile and semi-volatile substances in a sample matrix.10,79 This technique is based on the 
use of a coated fiber for partitioning of target analytes between the sample of interest and 
itself. 79 This coat could be a liquid polymer or a solid sorbent, or combination of both, for 
the extraction of target analytes. Being a flexible analytical procedure, derivatisation of 




Figure 5: Three different modes for derivatisation methods associated with SPME; Direct 
derivatisation in sample matrix, derivatisation in SPME fiber coating, or derivatisation in GC 
injector port.  
 
With derivatisation in SPME, analytes are converted from its unstable form into a thermally 
stable, yet easily-extractable compound. Stashenko and Martinez suggested that 
derivatisation with SPME allows better stability and reduced polarity of target analyte.79 In-
situ derivatisation with SPME was first performed by Pan et al. in 1995 to enhance the 
sensitivity of carboxylic acids prior to analysis by GC.80 Following which, Sng and Ng applied 
the concept of in-situ derivatisation with SPME to the analysis of CWA related compounds 
and degradants in water.18 In their study, SPME fibres were exposed to vials containing the 
derivatising reagent followed by contact with aqueous solutions of CWA analytes.18 After 
stirring of these solutions, fibre was exposed to the same derivatising reagent before 
analysis with GC-MS.18 Being a non-destructive extraction method, water samples are able 
to be analysed repeatedly by SPME for volatiles, semi volatiles and CWA related 
compounds. This potentially allows flexibility in CWA analysis, coupled with the advantage 
of keeping sample depletion to the minimum. This technique was demonstrated in one of 
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the proficiency tests organised by the OPCW, and was proposed to be better than the ROPs 
for on-site analysis.18  
In another study, HF-LPME was found to be successful for the analysis of CWA degradant 
without the removal of water.2,12 HF-LPME is a technique based on the use of a hollow fibre 
containing an organic solvent for the separation of analytes of interest from aqueous 
sample.2,12 With this method coupled with in-situ derivatisation, Lee et al. performed 
extraction of CWAs degradants from aqueous samples using a solvent mixture (BSTFA and 
octane in the ratio of 5:1) and MTBSFTA.12 Being a moisture-sensitive derivatising reagent, 
MTBSFTA was protected within the hollow fibre, thus allowing successful extraction of 
analytes prior to analysis by GC-MS. This methodology was reported to be simple, 
convenient and has better LODs as compared to in-situ derivatisation with SPME.12  
There has been a lack of publications for the derivatisation of CWA degradants without 
removal of water besides the alternative method of using SPME. Some studies described the 
use of chloroformate as an alternative for derivatisation in aqueous media without the need 
to remove water.81-84 Several derivatisation strategies with alkyl chloroformate have been 
presented and reviewed by Husek and Simek.85 Despite the advantages, it was suggested 
that a post clean-up process was necessary for the removal of any excess and by-products 
which is detrimental to GC instruments.55 Furthermore, there is no publications associated 
with the derivatisation of CWA related compounds. 
Earlier this year in 2018, a derivatisation procedure was developed and proven to be 
successful without the necessity to evaporate aqueous solutions to dryness.20 In Dival’s 
study, MPA was derivatised with MTBSFTA, with addition of organic layer of hexane. 
Derivatisation of MPA was carried out at 60˚C for 30 minutes prior to analysis by GC-MS. 
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Qualitative detection of MPA derivatives was reported to be successful, however, with LOD 
of 1000 ppm. For practical considerations, it is essential to ensure safe and smooth 
derivatisation process with a positive yield of stable product. Besides that, detection of MPA 
at trace level may pose a problem. Concentration of CWA degradants for OPCW analysis was 




6. DETECTION & QUANTITATION OF 
CHEMICAL WARFARE AGENT 
DEGRADANTS 
 
Ever since the implementation of CWC in 1997, OPCW and many other research groups have 
been developing, improving and executing methods for qualitative detection and 
quantitative analysis of CWAs, their precursors and degradants.5,8 In accordance to the 
OPCW inspectorate, at least two or more different spectrometric techniques and reference 
standards are required for the unambiguous identification of CWA and their related 
compounds.5 The most common chromatographic separation methods for such purposes 
are based on GC-MS, or gas chromatography with tandem mass spectrometry (GC-MS/MS), 
LC-MS, or liquid chromatography with tandem mass spectrometry (LC-MS/MS), and nuclear 
magnetic resonance (NMR) spectroscopy.5,9,16,87 
The most prevalent chromatographic separation method for the identification of CWA and 
their related compounds is found to be GC.8,88 CWA compounds are identified by retention 
indices (RI) or relative responses of GC detectors.15 Besides being described to be an 
efficient and simple instrument, GC offers selective and sensitive detection of target 
analytes. GC can be combined with different detectors such as flame photometric detection 
(FPD), flame ionisation detection (FID), photoionisation detection (PID), or nitrogen-
phosphorus detection (NID) for the detection of compounds with phosphorus core, such as 
the organophosphorus nerve agents.8 On the other hand, liquid chromatography is known 
for its lack of detectors matching the sensitivity and selectivity of GC detector systems.16,89 
Liquid chromatography has the capacity of separating polar and non-volatile 
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alkylphosphonic acids.8,89 Unlike GC, LC offers high versatility and direct analysis of 
samples.16 Analysts do not have to take into account of target analytes’ thermolability, 
polarity, or volatility. However, direct analysis with LC is only limited to compounds with 
chromophores and/or fluorophores.8,16 CWA degradants such as methylphosphonic acids 
and alkylphosphonic acids cannot be detected by UV nor fluorescence detectors.8 Many 
CWA degradants are undetectable electrochemically or by conductivity.16 However, these 
compounds exhibit sufficient ionisation and fragmentation in mass spectrometry where 
solutes can be accurately detected by their molecular mass.16 As such, mass spectrometric 
detectors plays a huge role to compensate for limitations as described above. Mass 
spectrometry has been widely used for CWA studies in accordance to the CWC. Mass 
spectrometers can achieve excellent results from analyses based on detection, identification 
of specific CWA compounds.90 
6.1 Gas Chromatography-Mass Spectrometry 
Gas chromatography in combination with mass spectrometric detectors remains to be one 
of the most widely used technique in CWA studies due to its excellent sensitivity and 
selectivity, as well as the presence of large libraries of mass spectra.88 GC-MS allows 
sensitivity in analysis with the SIM, as well as recording in SIM and SCAN modes within the 
same run. Ionisation techniques such as electron impact ionisation (EI) and chemical 
ionisation (CI) are very useful for studying CWA related compounds in environmental 
samples.16 In a study carried out by Katagi et al., GC-MS with CI mode was suggested for the 
detection of EMPA in serum, achieving LOD of 50 ng/mL in total ion current (TIC) mode and 
3 ng/mL in the SIM mode.91 In the method, extraction of EMPA was performed with 
acetonitrile, with MTBSTFA derivatising reagent + 1% TBDMSCI catalyst.91 The common 
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method utilised for the analysis of CWA degradants is GC-MS with EI.61 EI mass spectra for 
these compounds is easily available and can be found in the OPCW Central Analytical 
Database (OCAD).7,16,25  
In a study with GC-MS in EI mode, Kataoka and Seto were able to quantitatively determine 
TBDMS derivatives of MPA in plasma and urine matrices, but only achieved yield as low as 
8%.66 Singh et al. presented a study on the use of magnetic sorbent for the extraction of 
CWAs from organic liquid samples prior to analysis by GC-MS in EI mode, with quantitation 
study in the SIM mode.6  
A comparative study of two ionisation methods; GC-MS with atmospheric pressure 
photoionisation (APPhI) and GC-MS with photochemical ionisation (APCPhI) were presented 
by Yashin et al. for the qualitative detection and confirmation of molecular weights of TMS 
and TBDMS derivatives of MPA.61 Confirmation and identification of derivatives of MPA was 
successful with both methods; TMS- and TBDMS derivatives of MPA were detected at 
picogram level. However, GC-MS with APCPhI achieved tenfold lower LOD as compared to 
GC-MS with APPhI.61 With selectable one- and two- dimensional (1D/2D) GC-MS, Seto et al. 
were able to allow target determination of TBDMS derivatives of alkyl methylphosphonic 
acid (AMPA) and MPA selectively from urine samples and acid-fortified solutions.13 1D/2D 
GC-MS allows alternating between 1D and 2D GC modes within the instrument for selective 
separation of analytes.13 Analytes that are unable to co-elute with matrix components can 
be separated with 1D GC mode, while the parts of chromatogram inhibited by the co-elution 
of matrix components can be moved and separated by 2D GC mode.13 Baseline separation of 
TBDMS derivatives of MPA were separated within three minutes, with LOD of 20 ng/mL.13  
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GC-MS/MS provides excellent accuracy and stability of results over an extensive range of 
measurements. Selective screening of TMS derivatives of many AMPA from complicated 
sample matrices was found to be highly effective using GC-MS/MS.92 Rohrbaugh and Sarver 
were able to achieve excellent selectivity and sensitivity from the base peak of m/z 153 
parent ion to the m/z 75 product ion under EI conditions.92 It is also possible to reach ultra-
trace LOD of 30 – 70 pg in SIM with m/z of 99 - 79 for sarin and soman.50  SIM or multiple 
ion monitoring (MIM) can be used for cases requiring low detection limits. It was described 
that SIM has the capacity of detecting <1 pg per injections under optimal conditions.5 A 
factor of 100 -1000 times enhanced sensitivity can be achieved. This setting is dependent on 
the compound, as well as the background of sample matrices and GC column. However, GC-
MS with MIM is required to be performed on at least three of a mass spectral (>10% of the 
base peak) intensity in order to facilitate a proper unambiguous identification of analytes.5 
In a study for the trace level of AMPA in environmental and biological samples, GC-MS/MS 
was successful in the detection of AMPA (derivatised with PFBBr) in the negative CI mode.93 
Sensitivity as low as femtogram was achieved in a study of CWA degradants derivatised by 
PFBBr.93 High resolution GC-MS/MS allows determination of CWA analytes in complex 
sample matrices with excellent selectivity at low LOD.5 Under EI and CI conditions, GC-
MS/MS was successful with identification of TMS derivatives of alkyl methylphosphonic 
acids in complicated sample matrices. In cases where identification of CWA analytes in 
complicated sample matrices, the additional dimension of tandem MS to GC-MS could be 
employed. 
The major advantage of using GC-MS is for the unambiguous identification of CWA 
degradants. However, derivatisation is often necessary due to the high polarity and low 
volatility of CWA degradants, prior to analysis by GC-MS. Moreover, derivatisation is crucial 
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in recording of EI spectrum for qualitative detection, and adequate sensitivity for SIM. As 
explained in earlier section, derivatisation incur a time-limiting factor with the tendency to 
produce artefacts that may lead to low or even non-detection of target analytes. Thus, LC-
MS may be better suited for handling these compounds. 
6.2 Liquid Chromatography-Mass Spectrometry 
LC-MS is utilised for the analyses of CWAs and related compounds since the 1980s owing to 
its broad range of interfaces and ionisation methods.90 This analytical technique has been 
used primarily for the direct analysis of aqueous, biological and soil sample matrices. For LC-
MS analysis of organophosphorus compounds, Riches presented a set of general parameters 
and settings as seen in Table 3 below.  
Table 3. 
General LC-MS parameters used for analysis of organophosphorus compounds.94 
LC-MS parameters Setting 




 A: 20 mM ammonium formate (or ammonium acetate) in water 
 B: 20 mM ammonium formate(or ammonium acetate) in methanol 
ESI 
 A: 0.1% formic acid in water 
 B: 0.1% formic acid in acetonitrile 
 













 Vaporiser temperature = 400 °C 
 Corona current = 4–6 μA  
 
ESI 




Mass range m/z 40–400 
 
Just like GC-MS, the basic parameters revolves around the stationary and mobile phases, 
flow rate, elution type, along with the different types of MS sources and detectors.89,94 The 
use of spectrophotometric or UV detectors (e.g. HPLC-DAD) are either highly limited or 
impossible for detection of CWA degradants due to the lack of chromophore groups in 
them; insensitivity and low-informative absorption spectra.95-98  
A number of LC-MS applications for the analysis of nerve agents and their degradants are 
listed below in Table 4. As explained earlier, mass spectrometers interfaced to LC allow high 
sensitivity and direct analysis of many CWA degradants. Fragmentation of MPA alkyl esters 
begins with the breaking of the C – O bond, separating the alkyl radical, together with the 
formation of [M – H]- ions at m/z 95 and [M + H]+ ions at m/z 97 in the negative- or positive- 
ion modes of LC-MS, respectively.88 A common fragment ion among soman, sarin and 
cyclosarin is found to be m/z 99 due to the loss of an alkyl moiety from a R – O group 
(alkoxy) with proton transfer. There is a lack current literature resources for the 
chromatographic separation and identification of VR’s degradant products and 
bis(diisopropylaminoethyl) sulphide.45 Most of the studies involving the degradant products 
of nerve agents employs the use of electrospray ionisation (ESI) sources in positive ion mode 
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(Table 4). The choice for positive- and negative- ion modes is mainly for the selectivity or 
sensitivity aspect of instrument.99   
Table 4. 




















Water ESI in positive 
ion mode 










Water ESI in positive 
ion mode 





gradient at 5 μL/min 
100 
Derivatized (p-
bromophenacyl) alkyl  
phosphonic acids 
 
Water Fast atom 
bombardment 
in positive ion 
mode 




(0.005 M  
ammonium acetate)  











Water Ion Spray in 
negative ion 
mode 










• Degradants of GB, 
GD and GF 
Water ESI in positive 
ion mode 










Water ESI in positive 
ion mode 
























Soil ESI in positive 
ion mode 
C18 (150 X 0.32 mm)  
column 
 
Acetronitrile/water (0.1%  
trifluoroacetic acid)  








PRP-X100 (200 X 0.32  
mm) column.  
 
Acetonitrile/water (0.5%  
formic acid) isocratic at  
20 μL/min.  
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LC-MS is especially effective for studying alkyl alkylphosphonic acids, alkylphosphonic acids 
and degradants of VX agents using thermospray ionisation. Thermospray mass spectrometry 
(TS-MS) was found to be the most successful technique associated with LC-MS, followed by 
atmospheric pressure ionisation (API).16,95,104 API-MS are capable of working on polar and 
non-polar compounds with various flow rates and mobile phase compositions.16 
Furthermore, API-MS can be combined with collision-induced dissociation (CID), to allow 
acquisition of CWA degradants’ structural information which was suggested to be a major 
advantage over other instrumental analysis.16 It can also be categorised into ESI or 
pneumatic-assisted ion spray and atmospheric pressure chemical ionisation (APCI-MS); 
latter being most prominent technique used in CWA studies.8,16  
A series of LC-MS methodologies for the determination of CWA degradants were compiled 
and reviewed by Aleksenko.88 In his review, the optimal conditions of separation and 
identification of such compounds in environmental and biological samples, with various 
ionisation techniques were discussed.88 The LOD of LC-MS are found to be much better than 
their maximum permissible concentrations. An excerpt from his review for the 





























































































































































































































































































































































































































































































Acidic phosphonic acids such as MPA, exist in deprotonated form under typical LC 
conditions, thus suitable for both negative- and positive ionisation.5 Black and Read 
presented three studies on the use of positive and negative APCI and ESI screening 
procedures for the CWA degradants.59,96,97 In the first study, LC-APCI-MS was used for the 
screening various CWA degradants with a C8/C18 reversed-phase column with gradient 
elution (0.05% trifluoroacetic acid in water and acetonitrile). LODs in the positive SIM mode 
were within detectable range of between 10 to 400 ng/mL, however, MPA was found to 
have the worst sensitivity in this study.96 With the replacement of 0.1% formic acid for 
trifluoroacetic acid as the acid modifier, Black and Read were able to achieve better 
sensitivity of the detection of phosphonic acids with LC-ESI-MS; LOD of <50 ng/mL.97 An 
explanation for the increase of sensitivity was described by Zhou and Hamburger that 
trifluoroacetic acid suppresses, and formic acid enhances formation of [M + H]+ ions with 
ESI.107 In the following study, C18 column (150 x 2.1 mm) with ammonium formate-water-
methanol gradient elution was used, which enabled the use of positive- and negative-mode 
of ACPI and ESI.59 Optimal sensitivity and selectivity were successful with neutral and basic 
analytes, and acidic analytes with positive- and negative ionisation mode, respectively.59 
Combination of these two screening modes with mass spectrometry allowed rapid detection 
and identification (LOD of 10 – 100 ng/mL) of many CWA degradants in aqueous samples. 
Chromatograms for phosphonic acids are found to be cleaner with negative ion as 
compared to positive ion.108 It was also suggested that the capacity for the formation of 
variable adduct ion (e.g., [M + H]+ or [M + Na]+) in APCI makes LC-APCI-MS much more 
favourable technique as compared to LC-ESI-MS.59 However, the acquisition of mass spectra 
obtained from either API technique would remain similar in terms of ion content. Adduct 
ions produced by either technique for the determination of molecular mass and 
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characteristic product ions will nevertheless indicate for analytes’ structure.49 LC-ESI-MS is 
found to be better suited for lower flow rates associated with packed capillary LC 
separation.109 One notable disadvantage of LC-ESI-MS is its inability to ionise mustard 
agents.110 Even though LC-MS with APCI, ESI, or TS (soft ionisation techniques) are 
suggested to be well-suited for the rapid screening and preliminary identification of 
alkylphosphonic acids in aqueous samples or extracts, GC-MS has better identification and 
sensitivity for such compounds. Also, these soft ionisation techniques only produce simple 
molecular ions without fragmentation of molecules. As such, LC-MS is more commonly 
employed as a complementary technique or for rapid initial screening method, but never a 
replacement for GC-MS.8,88   
Gradient separations with C18 column allows flexibility for the analysis of a variety of target 
analytes ranging from small, polar CWA degradants (e.g. MPA and thiodiglycol), to polar 
CWA compounds of larger size.111 However, C18 columns are found to provide poor 
retention for polar CWA degradants.111 Mercier et al. recommended the use of porous 
graphitic carbon as the stationary phase to enhance the chromatographic separation of 
phosphonic acids by LC-MS.98,112 Sorbent with such surface induces both electronic and 
hydrophobic interactions; better hydrophobicity and stability as compared to a C18 
sorbent.98 Polymeric packings allows better separation of phosphonic acids than on silica 
packings due to the combination of apolar and ionic interactions between solutes and the 
stationary phase.98 Separation of MPA from the various phosphonic acids achieved within 
15 mins in mobile phase of 0.1% trifluoroacetic acid and acetonitrile in isocratic mode.98  
Besides ensuring optimal pH and its non-reactivity with components within a solution, it is 
essential to take into account for possible presence of adducts produced in high levels by 
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the components of buffer compounds which may have reacted degradants of sarin, soman 
and cyclosarin.113 Gäb et al. discussed about the amino function of buffer compound acting 
as an intramolecular proton acceptor to turn its hydroxyl groups nucleophilic, which is 
reactive with the phosphorus core of many CWA degradants.113 In their study, sarin, soman 
and cyclosarin reacted with TRIS and TES buffers to form stable adducts, which were 
detected by LC-ESI-MS/MS system.113  
An additional dimension to LC-MS (LC-MS/MS) allows trace detection of CWA analytes. 
However, there was no criteria established by the OPCW for trace detection by LC-
MS/MS.5,114 The lowest LOD was suggested to be obtained in negative ion modes.25  With 
LC-MS/MS in negative ion detection mode, Baygildiev et al. achieved satisfactory 
reproducibility and selectivity for the determination of MPA in human blood plasma; LOD of 
3 ng/mL.115 In the study, separation was performed on a C18 column, with mobile phase 
(0.1% formic acid in water and acetonitrile) gradient elution mode with flow rate of 
0.4 mL/min.115 Samples of the averaged plasma were spiked with MPA ranging between 3 to 
500 ng/mL for the development of calibration curve, LOD and LOQ.115 Rodin et al developed 
an approach for the determination of a number of VX’s degradants in aqueous 
environmental samples with HPLC-MS/MS.45 The aim of their study was to optimize the 
conditions of the mass spectrometric detection and the gradient elution of the mobile 
phase.45 Mass selective ion trap instrument equipped with ESI source in the selected 
reaction monitoring mode using positive ions was employed. Separation was carried out in 
gradient elution, with mobile phase consisting of 0.5% formic acid in water and acetonitrile; 
produced the best chromatographic peaks.45 To optimize spectrometric detection, optimal 
ion pairs of ion transitions were selected. Rodin et al. were able to achieve desirable 
accuracy, reproducibility and selectivity with their proposed methodology.45 Analysis of 
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p bromophenacyl derivatives of alkyl alkylphosphonic acids in human serum and 
environmental water with LC-MS/MS was presented by Katagi et al.101 Continuous flow frit 
fast atom bombardment on hybrid high resolution magnetic sector quadrupole was used, 
and achieved LOD range of 1-20 ppb.101 Even though the proposed technique reported good 
reproducibility and sensitivity, it requires the removal water before derivatization.  
In 2017, Baygildiev et al. developed a time-efficient procedure for the quantitative 
determination of MPA in aqueous samples (natural water spiked with known concentration 
of MPA), with LC-MS/MS equipped with APCI and ESI sources.3 The R2 value and the 
calibration curve achieved in their study was 0.99 and y = 570x, respectively. This developed 
technique achieved LOD of MPA in natural waters to 10 ng/mL, which is remarkable since 
the LOD for detection of MPA with LC-MS was suggested to only be 50 ng/mL.3  Peak shape 
and sensitivity are highly dependent on both buffer concentration and mobile phase 
composition.25 In order to obtain the most suitable mobile phase composition, Baygildiev et 
al. experimented on the use of different solutions for the first and second components, as 
well as exploring the relationship between peak intensity and the pH of mobile phase.3 
Mixture of 0.5% formic acid and 5 mM ammonium acetate was used as the first component 
of the mobile phase, while acetonitrile was used for the second component. Fragmentor 
voltage and collision energy were studied to allow the best sensitivity; optimisation of MS 
detection parameters. Baygildiev et al. went further to enhance the mass spectrometry by 
increasing the nebulizer gas flow rate and temperature. These steps and parameters 
discussed and taken by Baygildiev et al. and other analysts are crucial and should be 
considered for development and enhancement of LC-MS procedures for the detection 





In the current society, GC-MS represents the most conventional and primary separation 
technique for the unambiguous identification of chemical warfare degradants. However, 
derivatisation of chemical warfare degradants requires the evaporation of aqueous extract 
to dryness, which is a complicated process and major source of error. Presented approach 
by Dival for the derivatisation of MPA without the elimination of water was successful in 
producing GC-amenable derivatives for GC-MS, with LOD to be 1000 ppm. EI mass spectra 
data from analytical techniques have been acquired over the years for the verification 
purposes by OPCW where identification of CWA compounds must be confirmed by at least 
two different spectrometric methods.5 It is of high importance to consider and evaluate all 
methods and instrumental parameters involving the LC-MS analysis of MPA in order to 
develop a robust method to quantitate the efficiency of the two-phase derivatisation. The 
types of derivatising reagent, stationary and mobile phases, detection settings, ionisation 
techniques and conditions play crucial roles to generate an accurate calibration curve for 
the determination of MPA via LC-MS. As such, the development of a reliable, reproducible 
and time-efficient analytical protocol would achieve a quantitative measurement of MPA 
derivatisation, as well as serving as a baseline LC-MS, if not, a secondary analytical method 
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DERIVATISATION OF CHEMICAL WARFARE AGENT 








With the success of a recent pilot study to derivatise the chemical warfare agent degradant, 
methylphosphonic acid without removal of water, a quantitative assessment was undertaken 
to assess its efficiency. An accurate and rapid approach using liquid chromatography-mass 
spectrometry was developed for quantitating the efficiency of the two-phase derivatisation 
of chemical warfare degradant without removal of water. Chromatographic conditions, a 
gradient elution program, and mass spectrometric detection parameters were optimised. The 
developed method revealed the efficiency for the two-phase derivatisation of 
methylphosphonic acid into methylphosphonic acid-derivative bis[(dimethyl)(tert-butyl)silyl] 
esters to be 14.6% at 1000 mg/L. Satisfactory reproducibility, reliability and linearity were 
demonstrated with the quantitation of chemical warfare degradant in comparison with 
quality controls of known concentration. The limits of detection and quantification of 
methylphosphonic acid in water were 1.6 mg/L and 5.3 mg/L, respectively. 
 
Keywords: Chemical warfare agents, chemical warfare degradant, derivatisation, 















The Organisation for the Prohibition of Chemical Weapons (OPCW) develops and executes 
methods for the enforcement of Chemical Warfare Convention (CWC), to conduct and 
challenge former chemical warfare agent (CWA) facilities of the member states for the 
presence of CWA precursors, degradants or any related compound.1-3 Despite this, the use 
of CWA remains a problem, with many different forms of CWA being developed and utilised 
heavily in many conflicts, terrorist attacks and wars around the world even till this day.4  
The most lethal group of chemical warfare agents (CWA) is known to be the 
organophosphorus nerve agents, which consist of sarin (GB), soman (GD), cyclosarin (GF), 
VX and VR.4 In the presence of aqueous environment, these nerve agents hydrolyse rapidly 
to form their corresponding alkyl methylphosphonic acids (AMPA), and finally into 
methylphosphonic acid (MPA); the common degradant product among the nerve agents 
(Figure 1).5-7  
3 
 
Figure 1. Hydrolytic pathways of organophosphorus nerve agents (sarin, soman, cyclosarin, 
VX and Russian VX) into their corresponding alkyl methylphosphonic acids, and 
subsequently into their final degradant product- methylphosphonic acid. Adapted and 
modified from Y. Seto et. al.8  
Besides being the final degradant product to organophosphorus nerve agents, MPA is 
known to be in its most stable form, and is chemically-resistant to any further 
degradation.5,6,8-10 Furthermore, MPA does not exist naturally in the environment, therefore 
the detection of this compound serves as a potential evidence for the possession and/or 
involvement of CWA.5,9 Also, in the likely event of the absence of the parent compound, 
verification of CWA for the CWC would be highly dependent on the unambiguous 
identification of CWA degradants.1,11  
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Gas chromatography coupled to mass spectrometry (GC-MS) is one of the most common 
and approved technique for the study of CWA degradant products.1,5,12 Owing to its high 
polarity and low volatility properties, MPA requires an additional step of derivatisation prior 
to GC analyses.12 Derivatisation is a procedural technique for the modification of the 
functional groups of target compound to produce GC-amenable derivatives for GC 
analyses.4,5 The basic reaction scheme of derivatisation reaction is shown in Figure 2.  
  
Figure 2. Chemical equation for general derivatisation reactions where ‘A’ denotes nitrogen, 
oxygen or sulphur, while ‘D’ denotes the functional group of derivatisation reagent used. 
 
Derivatisation requires the elimination of water content; concentration of aqueous extract 
to dryness, which is reported in many literature resources to be both time-consuming and a 
major source of error.5,9,13,14 There are no literature resources that report nor suggest for an 
alternative method to derivatise compounds without the removal of water until 2018, 
where Dival has successfully developed a method to produce GC-amenable derivatives of 
MPA without the removal of water.15 Dival eliminated the need to evaporate the aqueous 
extract to dryness by using hexane, an organic solvent, together with the derivatising 
reagent N-methyl-N-tert-butyldimethylsilyltrifluoroacetamide (MTBSTFA).15 Despite being 
successful in producing GC-amenable derivatives at detection limit (LOD) of 1000 mg/L, the 




Being a highly sensitive and versatile instrumental technique, liquid chromatography-mass 
spectrometry (LC-MS) can be employed to quantitate the efficiency of the two-phase 
derivatisation of MPA developed by Dival. LC-MS is known for its low detection limits, offers 
detection limits as low as 50 ng/mL and a short analysis time for the detection of MPA.9 In 
this study, derivatising reagent MTBSTFA with 1% tert-butyldimethylsilyl chloride 
(TBDMSCl), was used in replacement of pure MTBSTFA to produce hydrolytically-stable 
derivatives for the two-phase derivatisation of MPA (Figure 3). 
  
Figure 3. Reaction scheme for the silylation of MPA.  
 
Chromatographic conditions, a gradient elution program, and mass spectrometric detection 
parameters were optimised for the development of an accurate and rapid quantitative LC-






Reagents and solvents 
Solid MPA (98%) from Sigma-Aldrich (St. Louis, MO, USA), hexane and acetonitrile of 
analytical grade reagents (AR) from Mallinckrodt (St. Louis, MO, USA) were used. 
Derivatising reagent MTBSTFA with 1% TBDMSCl catalyst were purchased from Sigma-
Aldrich (St. Louis, MO, USA) for performing two-phase derivatisation. 
 
Standard solutions and samples 
MPA stock solution of 1000 mg/L was prepared by dissolving 255 mg (±0.1 mg) of solid MPA 
in 250 mL of deionised water. From this stock solution, a series of ten-fold dilutions 
(1000 mg/L, 100 mg/L, 10 mg/L and 0.1 mg/L) were prepared in glass vials. A separate set of 
serial dilutions were prepared at concentration range of 1500 mg/L, 1000 mg/L, 500 mg/L, 
250 mg/L and 100 mg/L for the development of a calibration curve. The calibration curve 
established was used to quantitatively assess the amount of aqueous MPA derivatised by 
MTBSTFA with 1% TBDMSCl catalyst. Blank solutions were prepared with deionised 
water (AR). A set of three quality control samples were prepared with serially diluted MPA 
of 1000 mg/L from the calibration standard solutions to serve as a set of known 
concentration (1000 mg/L) for quantitative comparison. 
 
Two-Phase Derivatisation 
Hexane (2.00 mL) and MTBSTFA with 1% TBDMSCl catalyst (200 μL) were mixed thoroughly 
into each aqueous MPA solution (1.00 mL) using an oil bath on a Yellow Line MST Digital 
magnetic stirrer and heater, at 60 ˚C for 30 minutes, as recommended by Dival.15 Following 
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this, the MPA samples were left aside at room temperature for 15 minutes to allow 
separation of the organic and aqueous layers of MPA derivatives. The organic layer of each 
glass vial was removed carefully with a pasteur pipette into each GC vial for the 
unambiguous detection of MPA derivatives by GC-MS. The remaining aqueous solution in 
each glass vial was removed carefully and reconstituted with DI water to a known volume of 
1.00 mL prior to quantitative analysis by LC-MS with the quality control samples. 
 
Apparatus and analytical conditions 
Analyses with GC-MS were performed on a Shimadzu GCMS-QP2010S (Shimadzu 
Australasia, Rydalmere, NSW, Australia) interfaced to a single quadrupole mass 
spectrometer with electron ionisation source. Separation was carried out using a BPX-5 (5% 
phenyl polysilphenylene-siloxane) capillary column (30 m x 0.25 mm x 0.25 μm). Split 
injections were performed at a ratio of 10:1. The temperature program for the analysis of 
MPA derivatives was: 80 ˚C, held for 1 minute, ramp at 20 ˚C/min to 280 ˚C held for 6 
minutes. The carrier gas was ultra-high purity helium (BOC, Sydney, NSW, Australia) at 
30 cm/sec. Injection temperature was maintained at 250 ˚C. GC analyses were performed in 
SIM (selected ion monitoring) and TIC (total ion chromatogram) modes on m/z 267 and over 
the range of m/z 45 – 310 at scan rate of 555 scans/sec, respectively. 
 
Quantitative analyses with LC-MS were performed using AcquityTM UHPLC system interfaced 
to a Micromass MS Technologies triple quadrupole time-of-flight mass spectrometer. LC 
separation was performed on a 50 mm x 2.1 mm Acquity UPLC BEH® C18 (1.7 µm) column. 
The mobile phases were 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile 
(B). The optimised gradient elution was 90% A (0 – 4 min), 1% A (4 – 7 min), 90% A (7 – 
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10 min), delivered at flow rate of 0.3 mL/min. Runtime was 10 minutes, with seal wash of 5 
minutes. Mass spectrometric detection was performed using electrospray ionisation in the 
positive ion detection with the following parameters: capillary voltage of 3.5 kV, sample 
cone voltage of 3 V, extraction cone voltage of 3 V, desolvation temperature 350 °C, source 
temperature 100 °C, and desolvation gas at flow rate of 500 L/hr. Data visualisation and 
analysis were performed with MassLynxTM software. 
 
Construction of Calibration Curve 
Calibration standards of concentration range: 1500 mg/L, 1000 mg/L, 500 mg/L, 250 mg/L 
and 100 mg/L were used for the development of the calibration curve. Each analytical run 
consisted of blank(s) and a series of serially diluted MPA derivatives. Data from three runs 
were evaluated to assess accuracy and precision (RSD%), linearity, limits of quantitation 
(LOQ) and LOD for each MPA analytes. Calibration curves were constructed by plotting the 






RESULTS & DISCUSSION 
 
Qualitative detection of MPA-derivatives 
To improve on the precedent study conducted by Dival, derivatisation reagent MTBSTFA 
with 1% TBDMSCI catalyst was used as the derivatisation reagent for the two-phase 
derivatisation of MPA instead of pure MTBSTFA.15 Even though no current literature 
described the optimal amount of derivatising reagent for the derivatisation process, a 
mixture of MPA and derivatising reagent in a ratio of 1:2 is required for the stoichiometry of 
the reaction due to the presence of two hydroxyl functional groups in the former 
compound. Furthermore, MPA is known to be a residual contaminant in chromatographic 
system in the case of incomplete derivatisation.7 Therefore, an excess volume of 200 μL of 
MTBSTFA with 1% TBDMSCl catalyst was used to maximise the yield of the target reaction 
and ensure the absence of any MPA residual contaminant. The MPA derivative was only 
detected in the organic later following the two-phase derivatisation of aqueous MPA of 
1000 mg/L, consistent with results achieved by Dival despite the addition of catalyst. The 
organic layer from two-phase derivatisation was analysed by GC-MS. The mass spectrum of 
the peak at retention time 8.133 mins in the GC-MS chromatogram gave the main peak with 
m/z 267 for [M – Bu]+ (TBDMS), bearing 96% similarity to the NIST database of the desired 
MPA-derivative bis[(dimethyl)(tert-butyl)silyl] ester on the Shimadzu database. A 
reconstructed ion chromatogram and mass spectrum showing the detection of MPA-
derivative bis[(dimethyl)(tert-butyl)silyl] ester are shown in Figure 4.  
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Figure 4. GC-MS chromatogram (a) and mass spectrum (b) for the detection MPA-derivative 
bis[(dimethyl)(tert-butyl)silyl] ester at 8 min retention time and m/z 267, respectively. 
 
Even though the derivative as only detected for 1000 mg/L MPA solutions post-
derivatisation, minute peaks with m/z 267 were found to be present in the chromatograms 
for the organic layer from the derivatisation of 100 mg/L, 10 mg/L, 1 mg/L and 0.1 mg/L 
solutions which were not observed in Dival’s results.15 However, the intensity of signals 
were insufficient to qualitatively confirm the presence of MPA-derivative bis[(dimethyl)(tert-
butyl)silyl] ester. As such, the replacement of derivatisation reagent with MTBSTFA with 1% 
TBDMSCI catalyst may have played a role in the yield of these peaks. With the lack of 
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success at detecting MPA-derivative below 1000 mg/L, decision was made to adjust the 
analytical range to 100 – 1500 mg/L for the generation of calibration curve. 
 
Optimisation of LC-MS parameters 
Previous studies involving the chromatographic separation of the degradant products of 
organophosphorus nerve agents employ the use of electrospray ionisation source in positive 
ion mode.16-21 Comparison between the use of electrospray ionisation source in positive and 
negative ion modes was performed prior to the decision of employing electrospray 
ionisation in positive ion mode. Contrasted with electrospray ionisation in negative ion 
mode, the mass spectrum produced by positive ion mode was less complex with fewer 
adducts or other undetermined ions (Figure 5), as opposed to the results obtained in the 
study conducted by Liu et al.11 The mass spectra generated by electrospray ionisation in 
negative ion mode were described by Liu et al. to be simpler than those of positive ion 
mode.11 It was also explained that ionisation under negative ion mode would be easier since 
MPA are acidic analytes.11 Apart from the fragment ion derived from the deprotonated form 
of MPA, [M – H]- with m/z of 95, the mass spectra generated by negative ion mode showed 
a prominent peak at m/z 79 corresponding to a molecule formed from MPA upon losing its 




Figure 5. Mass spectra of MPA (1000 mg/L) analysed by electrospray ionisation in positive 
(top) and negative ion mode (bottom), with fragment ions derived from protonated form of 
MPA, [M + H]+, with m/z of 97, and deprotonated form of MPA, [M – H]-, with m/z of 95, 
respectively. 
 
To achieve the best shape of chromatographic peaks and shortest retention time for the 
elution of MPA, elution in gradient mode was selected and optimised. The best results were 
achieved with the gradient elution parameters as illustrated in the experimental section, 
with MPA eluted within the first minute of analysis as shown in Figure 6.  




Many similar studies employed the use of formic acid as the acid modifier in mobile phases 
for the chromatographic separation of CWA related compounds. Black and Read were able 
to achieve better sensitivity for the detection of phosphonic acids with the use of formic 
acid instead of trifluoroacetic acid.16 Ion intensity obtained from electrospray ionisation 
modes is highly dependent on the concentration of the buffering salt in mobile phases.11 It 
was explained by Zhou and Hamburger that formic acid enhances, while trifluoroacetic acid 
suppresses the formation of [M + H]+ ions with electrospray ionisation.22 Formic acid was 
used here as the acid modifier for mobile phases to suit the acquisition of positive ion 
spectra, as recommended by Black and Read.16  
The mass spectrum of MPA shown in Figure 7 features a prominent peak at m/z of 97, 
corresponding to protonated MPA ([M + H]+). 
 
Figure 7. ESI+ mass spectrum of MPA, [M + H]+, with m/z of 97. 
 
 
Initial Quantitative Assessment of MPA Calibration Standards 
The first attempt at generating a calibration curve was relatively unsuccessful due to the 
inconsistent peak area for calibration standards of same concentration levels despite all 
standard solutions being originated from the same stock solution. The precision results are 
shown in Table 1, where %RSD ranged between 35 – 94.1%, suggesting poor reproducibility. 
Furthermore, the peak areas are found to be increasing across all MPA calibration standard 
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solutions of the same concentration over time. For example, the first MPA calibration 
standard solution of 100 mg/L revealed a peak area of 1.29 arb. units, while the second and 
third calibration standards of the same concentration were 19.3 and 38.1 arb. units, 
respectively (Table 1). This anomaly was consistent across all three sets of MPA calibration 
standards where the peak areas increased from each set of calibration standards to another.  
Table 1. 
Initial quantitative results of MPA calibration standards. 
 Concentration (mg/L) 
100 250 500 1000 1500 
Peak areas from 
each triplicate run 
1.29 39.8 104 176 241 
19.3 77.2 161 316 459 
38.1 111 225 404 505 
%RSD* 94.1% 46.8% 36.4% 38.5% 35.1% 
* %RSD = 
Standard Deviation (MPA calibration standard of interest from each run) 
Average (MPA calibration standard of interest from each run)
 
 
To address the possibility of instrumental error, seven repeated injections of a MPA 
standard solution of 1000 mg/L was performed. As illustrated in Table 2, the peak areas 
across all seven injections from the same solution are consistent with each other, thus 
invalidating the possibility of instrumental error. 
Table 2. 
Quantitative results for seven repeated injections on MPA standard solution of 
1000 mg/L. 
 Injections 
1st 2nd 3rd 4th 5th 6th 7th 
Peak areas 520 525 539 537 535 539 515 
 
Despite the poor reproducibility and anomaly in the initial results, the increase in peak area 
between each serially-diluted solution was found to be relatively consistent. For example, 
there was an increase of 1.45 times (close to the expected mathematical increase of 
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1.5 times) peak area between MPA calibration standard of 1000 mg/L to 1500 mg/L. As 
such, the differences in the peak area for MPA calibration standards of each concentration 
level can be used as correction factors to enhance the linear regression of the calibration 
curve (Table 3). 
Table 3. 
Correction factors for MPA standards based on first analytical run. 
 Concentration (mg/L) 
100 250 500 1000 1500 
Correction Factor* 0.06 0.24 0.51 1 1.45 
*Correction Factor = 
Peak Area of MPA calibration standard of interest 
Peak Area of MPA calibration standard 1000 mg/L
 
 
Evaluation of Calibration Curve 
Method precision was assessed using data from subsequent analytical runs with triplicate 
analysis of the MPA calibration standards. The precision results are shown in Table 4, 
with %RSD below 8.23% across the six concentration levels.  
Table 4. 
Reproducibility of the optimised procedure. 
 Concentration (mg/L) 















* %RSD = 
Standard Deviation (MPA calibration standard of interest from each run) 
Average (MPA calibration standard of interest from each run)
 
 
Despite the acceptable reproducibility results, the increase in peak area between each MPA 
calibration standard was found to be out of the expected range. For example, there should 
be 10 times differences in terms of the peak area between MPA calibration standard of 
100 mg/L and 1000 mg/L, which was not observed in this analytical run (Table 5). With the 
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inclusion of correction factors from the previous run, the peak area for each calibration 
standard can be rectified to fit the series of serial dilution (Table 6). 
Table 5. 
Quantitative results of MPA calibration standards. 
 Concentration (mg/L) 
100 250 500 1000 1500 
Peak areas from 
each triplicate run 
130 275 510 761 1073 
148 320 540 772 968 
143 317 499 813 960 
Average peak area 140 304 515 782 1000 
 
Table 6. 
Final quantitative results of MPA calibration standards. 
Concentration 
(mg/L) 
MPA calibration standards 
Original Peak Area* Adjusted Peak Area** 
0 0 0 
100 140 47.7 
250 304 191 
500 515 398 
1000 782 782 
1500 1000 1135 
*Derived from the average peak areas of each triplicate MPA calibration standards. 
**Adjusted Peak Area = (Original Peak area of MPA calibration standard 1000 mg/L) × 
(Correction Factor from Table 3), where correction factor for each MPA calibration 
standards of 100 mg/L, 250 mg/L, 500 mg/L, 750 mg/L, 1000 mg/L, and 1500 mg/L are 
0.06, 0.24, 0.51, 1, and 1.45, respectively. 
 
The calibration dependences were plotted over the concentration range of 100 – 
1500 mg/L, with the y intercept set to 0 (Figure 8). The line of best-fit was evaluated, with 
calibration curve equation and correlation coefficient to measure the linearity. The 
performance characteristics of presented approach were calculated and shown in Table 7. 
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The detection limits (LOD) was calculated to be 1.6 mg/L, with the limit of quantitation 
(LOQ) to be 5.3 mg/L. 
 
Table 7. 
Performance characteristics of developed approach for the quantitative determination of 
MPA. 
Analytical Range (mg/L) Calibration Curve Equation R2 LOD (mg/L) LOQ (mg/L) 
100 – 1500 y = 0.766 x 0.9985 1.6 5.3 
 
Figure 8. Calibration curve of MPA calibration standards in the concentration range of 100 – 
1500 mg/L. 
 
Efficiency of Two-Phase Derivatisation 
The developed LC-MS method for determining the concentration of MPA remaining in the 
aqueous layer after derivatisation was used to analyse the aqueous layer of MPA 
solutions (1000 mg/L) post-derivatisation simultaneously with a set of three quality control 
MPA samples of 1000 mg/L. Due to limited resources (budget) and time constraint, only 





























Only 0.9 mL of aqueous MPA was found to remain in each glass vial after performing two-
phase derivatisation. Each aqueous MPA solution was reconstituted to a known volume of 
1.00 mL prior to quantitative analysis by LC-MS. In order to ensure accuracy in the 
quantitation of 1000 mg/L MPA post-derivatisation, three reference controls of known 
concentration were introduced and analysed with target samples in the same analytical run. 
The reference control or described as quality control used here were made by taking 0.9 mL 
of each MPA calibration standard solutions of 1000 mg/L and reconstituted to a known 
volume of 1.00 mL. The peak area and calculated concentration of both quality control and 
MPA samples are shown in Table 8.  
Table 8. 




Calculations of un-derivatised MPA in 3 significant figures 
Peak Area Before** (mg/L) After** (mg/L) True Concentration 
(mg/L) 
Quality Control 462* 603 670 1000 
MPA (Post-
derivatisation) 
427* 557 620 854 (± 3.51%) 
* Derived from the average peak areas of each triplicate sample. 
** ‘Before’ and ‘After’ denotes the concentration of sample of interest before and after 
calculation with 0.1 × dilution factor, respectively. Both quality control and MPA 
concentration were calculated with the calibration curve equation of y = 0.766 x. 
 
Upon derivatisation, MPA-derivative bis[(dimethyl)(tert-butyl)silyl] esters partitions at the 
organic layer of the solution, which was calculated to be 146 mg/L (± 3.51%), while the 
concentration of un-derivatised MPA remaining in the aqueous layer was approximately 
854 mg/L (± 3.51%). As such, the efficiency of derivatisation without removal of water 
presented by Dival is 14.6% at 1000 mg/L, in comparison with the quality controls and linear 
regression equation.  
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Apart from the quantitation results for the efficiency of the two-phase derivatisation, it is 
evident that the peak area for the quality controls was significantly lower than the MPA 
calibration standards of the same concentration (Table 5 and 8). The original peak area of 
the three MPA calibration standards of 1000 mg/L amounted to an average of 782 arb. 
units, whereas the peak area of three MPA quality controls of the same concentration 
amounted to an average of 514 arb. units (after taking 0.1 × dilution into account from 
original value of 462 arb. units). A line graph illustrating the drop in peak areas of the 
compounds is shown in Figure 9. 
 
Figure 9. Peak area of each MPA calibration standards (1000 mg/L) versus the time passed after each 
analytical run.             denotes three MPA calibration standard solutions (1000 mg/L) being run in 
duplicate, with at least 210 minutes apart from each run.     denotes three quality control samples 
(1000 mg/L), with at least 60 minutes apart from the previous analytical run. 
 
To obtain accurate data for the generation of calibration curve, each calibration standard 
solution was analysed twice for their peak areas. The first analytical run on the MPA 
calibration standard solutions of 1000 mg/L indicated peak area of 761 – 813 arb. units. 
With analysis of each sample in LC-MS instrument to be 15 minutes, 210 minutes (15 min × 
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14 samples; 15 samples per analytical run) would have passed before being analysed again. 
The second analytical run on the same MPA calibration standards indicated a drop in peak 
areas (637 – 698 arb. units), as shown in Figure 9. The third analytical run was performed 
approximately 60 minutes later to accommodate for the derivatisation process. Our results 
suggested possible degradation of MPA with loss of peak area over time. According to 
current literature resources, MPA is known to be a highly stable compound in aqueous 
environment, and possesses a relatively high solubility rate in water; > 20,000 mg/L. In an 
article written by Mill and Gould, MPA was described as a highly stable hydrolysis (or 
degradant) product of nerve agents, with half-life for the reaction with OH-radicals in water 
of 18 years.23 Furthermore, MPA is resistant to photolysis, and do not absorb any UV light 
present in the natural nor laboratory environment.23 One possible explanation for the loss 
of peak areas in samples over time could be due to the irreversible adsorption of MPA on 
the surfaces of glassware. Fenimore et al. explained that polar compounds are capable of 
the irreversible adsorption of themselves on the surfaces of laboratory glassware.24 The 
work done by Subramaniam et al. corroborates this.25 Subramaniam et al. reported a loss of 
yield of their target analytes post-derivatisation, and explained that the loss of yield was 
caused by the irreversible adsorption of alkylphosphonic acids on the surfaces of 
glassware.25 Results of their study showed that the use of silylated glassware improved the 
yield of MPA by 20%.25 Also, the limitations of presented method can be overcome by the 
introduction of an internal standard. With the inclusion of a known compound with known 
concentration, an accurate concentration of the internal standard will produce a separate 
chromatographic peak.26 In this manner, any loss of sample will be accompanied by the loss 





The degradant product of organophosphorus nerve agents was shown to be successfully 
derivatised into MPA-derivatives at 1000 mg/L using the developed method by Dival.15 
Degradation products are distinct chemical signature for the detection of chemical warfare 
agents and forensic attribution in cases where the parent compound no longer exist. In 
situations where time is a determining factor, this presented analytical procedure would be 
much more time-efficient as compared to the conventional method of derivatisation due to 
the eliminated requirement for the evaporation of aqueous extracts to dryness. For 
practical considerations, it is essential to ensure a safe and smooth derivatisation process 
with a positive yield of stable product. As such, a rapid and simple approach for the 
quantitative determination of MPA was developed and presented here with the use of LC-
MS and three quality control samples. In this method, effective elution of MPA with good 
(peak shape and resolution) chromatographic peaks was achieved in less than a minute. The 
developed method offered good linearity, with LOD and LOQ calculated to be 1.6 mg/L and 
5.3 mg/L, respectively. As a quantitative assessment for the time-efficient protocol 
developed by Dival to derivatise MPA without the removal of water, the efficiency of the 
presented derivatisation approach was revealed to be approximately 14.6 %. However, with 
the reduced peak area of MPA observed over time, this method provides avenues for future 
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